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I.  INTRODUCTION 

Research  in  turbine  airfoil  production  techniques  has 
demonstrated  the  feasibility  of  photoengraving  an  airfoil 
cross  section  with  complex  internal  cooling  passages  on 
thin  metal  sheets  (approximately  0.010  inches  thick).  The 
thin  airfoil  sections  are  bonded  together  to  form  a lami- 
nated turbine  vane.  Stacking  tolerances  cause  a slight  mis- 
alignment of  the  laminate  sections.  Without  a final  machin- 
ing process  to  smooth  the  outer  surface  of  the  bonded  air- 
foils,  the  mis-aligned  laminates  produce  a surface  roughness 
parallel  to  the  flow  direction.  Since  the  final  cost  of  a 
metallic  component  is  directly  related  to  the  number  of 
machining  operations,  a cost  savings  is  realized  if  the  sur- 
face roughness  is  not  removed. 

The  purpose  of  this  study  was  to  investigate  experi- 
mentally the  effect  on  heat  transfer  of  surface  roughness 
parallel  to  the  flow.  A cylinder  was  used  to  represent  the 
leading  edge  of  a turbine  vane  and  the  investigation  was 
limited  to  the  stagnation  region. 

Many  previous  investigators  have  dealt  with  surface 
roughness  effects  on  heat  transfer.  Most,  however,  are 
concerned  with  either  two-dimensional  elements  (e.g.,  sand 
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roughness)  or  one-dimensional  grooves  and  trip  wires  perpen- 
dicular to  the  flow.  Of  the  references  reviewed,  none  were 
directly  concerned  with  one-dimensional  roughness  parallel  to 
the  flow.  This  type  of  surface  could  possibly  be  considered 
as  finned,  but  the  question  remainsi  Does  the  roughness 
parallel  to  the  flow  affect  the  heat  transfer  to  the  surface 
in  the  turbulent  environment  of  a turbine  combustor? 

Owen  and  Thomson  (Ref  1:322)*,  in  a study  of  surface 
roughness  effects,  suggest  that  eddies  in  the  flow  along  a 
rough  surface  penetrate  the  region  between  the  roughness 
protrusions,  scour  the  wall,  and  return  to  the  main  stream. 

In  turbulent  flow,  any  additional  disturbances  created  by 
the  roughness  join  those  already  present.  This  would 
increase  the  heat  flux. 

Roughness  can  be  characterized  several  ways.  A rela- 
tive roughness  for  a flat  surface  is  given  by  Schlichting: 
*g/£  * where  kfl  is  the  size  of  the  roughness  protrusion  and 
S is  the  boundary  layer  thickness  (Ref  2:610).  Another 
characterization,  used  during  a study  of  drag  loss  coeffi- 
cient versus  sand  roughness  of  turbine  blade  surfaces,  was 
to  compare  the  roughness  height  to  the  chord  length  of  the 
airfoil  (Ref  2:618).  Schlichting  (Ref  2:  615)  refers  to  the 
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"admissible  roughness"  as  "that  maximum  height  of  individual 
roughness  elements  which  causes  no  increase  in  drag  oompared 
with  a smooth  wall."  This  definition  of  admissible  rough- 
ness refers  to  heat  transfer  effects  as  well  as  roughness 
induced  drag. 

Por  a cylinder  in  laminar  crossflow,  the  Nusselt  number 
at  the  stagnation  line  can  be  correlated  by 

Nu  - 2 A(Pr)  (ReD)* 

A table  for  A(Pr)  is  given  in  Schlicting  (Ref  2:290). 

For  Pr  * 0.7  (air),  A(Pr)  * 0.495.  This  gives  the 
approximation  that 

Nu  = (R«d)* 

Using  Nu  = hgD  / kg  and  ReD  = UgD//>? 
it  follows  that  k_ 

h«  ■ f \^~\ 

Turbulence  intensity,  £ , is  given  by 

, S3* 

Ug 

where  u'  is  the  fluctuating  component  of  the  free  stream 
velocity.  The  value  of  the  turbulence  intensity  has  a well 
noted  effect  on  heat  transfer  to  cylinders  in  orossflow. 
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Primarily,  it  causes  a shift  in  the  transition  and  separation 
points,  but  turbulence  also  affects  the  local  heat  flux. 

Some  researchers  have  noted  that  experiments  at  the  same 
Reynolds  number  show  differing  results  (Ref  3 »4,*5).  This 
is  thought  to  be  caused  by  varying  free  stream  turbulence. 

Smith  and  Kuethe  (Ref  3)  h'j.ve  shown  that  a turbulence 
intensity  of  6%  will  cause  a 70%  increase  in  stagnation  line 
heat  transfer  as  compared  to  laminar  flow  (Rep  * 240,000). 
Their  study  also  noted  a wide  disparity  of  results  of  previ- 
ous researchers.  Prom  their  work  in  low  speed  wind  tunnels, 
they  have  suggested  a linear  relation  between  the  stagnation- 
line Nusselt  number  and  the  free  stream  turbulence  at  a 
constant  Reynolds  number.  At  a Reynolds  number  of  60,000, 
they  report  the  ratio  of  Nu  / (Reu)^  rising  from  about 
1.0  at  a free  stream  turbulence  of  0.1%  to  1.3  at  a free 
stream  turbulence  of  5%.  At  a Reynolds  number  of  120,000, 

Nu  / (ReD)^  is  approximately  1.5  for  5%  turbulence.  Their 
work  could  help  to  explain  the  data  scatter  found  in  this 
study. 

Dils  and  Follansbee  (Ref  5)  made  the  first  reported 
direct  measurements  of  convection  ooefficients  of  small 
cylinders  in  the  crossflow  of  a combustor  exhaust  gas  envi- 
ronment. Although  their  study  was  limited  to  Reynolds  numbers 
between  4000  and  20,000,  the  combustion  environment  used  is 
similar  to  this  study.  They  showed  that  stagnation 
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line  heat  transfer  coefficients  are  higher  than  values 
obtained  in  low  turbulence  cold  gas  streams  of  comparable 
Reynolds  numbers.  The  major  portion  of  their  work  was  the 
investigation  of  gas  stream  fluctuations  measured  by  fast 
response  thermocouples  mounted  to  the  outer  wall  of  a cylin- 
der. The  fast  response  instrumentation  indicated  peak  to 
peak  temperature  fluctuations  of  20%  to  100?S  of  the  average 
free  stream  temperature.  Similar  temperature  fluctuations 
in  this  study  may  explain  the  data  scatter  shown  later. 

As  a result  of  the  work  of  Dils  and  Follansbee,  an 
empirical  relation  was  determined  to  relate  Nusselt  and 
Reynolds  numbers t 

Nu  * 1.4o  (ReD)*  (ReD  * 4000  - 20,000) 

Their  correlation  was  determined  for  cylinders  in  the 
exhaust  gas  environment  of  a low  injection  pressure  com- 
bustor where  turbulence  level  ranged  from  Q%  to  15%,  The 
correlation  will  be  compared  to  the  data  from  this  study 
in  Section  IV. 

In  this  study,  an  instrumented,  air-cooled,  hollow 
cylinder  was  used  to  represent  the  leading  edge  of  a turbine 
airfoil.  A hydrogen  combustor  facility  was  used  to  generate 
conditions  approximating  a turbine  engine  combustor.  Heat 
flux  measurements  were  determined  by  thin,  heat  flux  sensors 
and  thermocouples  operating  in  steady  state  conditions.  By 
knowing  the  material  properties  and  the  gas  path  conditions, 
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the  relationship  between  the  Nusselt  number  and  the  Reynolds 
number  was  obtained. 

Initial  tests  were  made  with  circumferential  threads 
on  the  cylinder.  The  outer  surface  was  then  machined  smooth 
with  the  instrumentation  in  place.  Previous  test  conditions 
were  repeated  with  the  smooth  surfaced  cylinder  and  the 
results  compared.  Unfortunately,  test  cell  scheduling 
limited  the  investigation  to  one  rough  surfaced  cylinder  and 
one  smooth  surfaced  cylinder. 

Descriptions  of  the  apparatus  used,  the  conditions 
tested  (Rej)  = 38,000  to  118,000),  and  the  results  and  con- 
clusions of  this  work  are  presented  in  the  following  sec- 
tions . 


II.  EXPERIMENTAL  APPARATUS 


Test  Facility 

The  Air  Force  Aero  Propulsion  Laboratory  (AFAPL) 

Hydrogen  Heat  Transfer  Facility  located  at  Wright-Patterson 
Air  Force  Base  was  used  for  this  investigation.  This 
facility  was  developed  by  AFAPL  to  test  turbine  vane  cooling 
configurations  (Ref  647). 

Figure  1 shows  the  AFAPL  Hydrogen  Heat  Transfer  Facility. 
Figure  2 shows  the  control  room  which  is  isolated  from  the 
combustor.  Hydrogen  is  used  as  fuel  because  of  the  well 
defined  radiation  characteristics  of  the  principal  product 
of  combustion,  water  vapor.  The  combustor  is  capable  of 
temperatures  up  to  4260  °R  with  a maximum  mass  flow  rate  of 
air  of  6 lbm/sec  at  50  psia.  Hydrogen  is  injected  Into  the 
airstream  48  inches  from  the  test  section  where  vane  speci- 
mens  are  mounted  in  the  throat  of  a convergent-divergent 
nozzle  (Figure  3). 

Hydrogen  flow  rate  is  measured  by  a Herschel  venturi 
tube  in  the  supply  line.  A differential  pressure  trans- 
ducer, a thermocouple  and  a second  pressure  transducer  give 
flow  and  upstream  hydrogen  source  conditions. 

Maas  flow  rate  of  air  is  controlled  by  upstream 
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t pressure.  The  flow  rate  is  measured  by  a square-edged 

orifice  plate  with  flange  taps  for  a differential  pressure 
transducer.  Another  pressure  transducer  and  a thermocouple 
are  located  upstream  to  measure  supply  pressure  and  temper- 
ature. A second  orifice  downstream  of  the  square-edged 
orifice  is  sized  to  remain  choked  at  all  flow  conditions  and 
prohibits  pressure  perturbations  from  moving  downstream. 

The  measured  tolerance  in  mass  flow  rate,  twice  the  standard 
deviation,  is  - 2%  or  less. 

■ 

Test  conditions  for  this  project  ranged  from 

ReD  « 38,000 
Tg  » 800  °R 
Pg  » 15 .**■  psia 
M ® 0.08 

to  Rejj  = 118,000 

Tg  - 839  °R 
Pg  ■ 18,0  psia 
M - 0.24 

The  range  of  gas  temperature  was  below  that  of  a modern  gas 
turbine,  typically  2300  °R. 

Vonada  (Ref  7)  measured  the  temperature  profile  at 
several  stations  between  the  hydrogen  spray  rings  and  the 
nozzle.  His  data  show  that  a nearly  uniform  temperature 
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pattern  exists  with  the  maximum  gradients  near  the  chamber 
walls.  The  study  by  Vonada  was  limited  to  gas  temperatures 
above  1460  °R  at  mass  flow  rates  above  0.8  lbm/sec.  Since 
low  temperature  measurements  were  not  available,  the  same 
flow  uniformity  was  assumed  for  this  investigation. 

The  test  section  nozzle  is  a rectangular  area  of 
16.7  square  inches.  This  nozzle  is  designed  to  turn  the 
flow  approximately  80°  to  accommodate  a set  of  turbine  vanes 
(Figure  4) . The  upstream  pipe  leading  from  the  hydrogen 
injection  rings  has  a circular  cross  section  of  about 
9 inches  diameter  (66  square  inches).  The  length  of  the 
convergent  nozzle  is  8 inches. 

The  facility  was  fitted  with  a pneumatic  actuator 
system  to  insert  the  test  cylinder  into  the  gas  path.  This 
was  a necessary  feature  because  of  the  unpredictable  nature 
of  the  burner  during  the  initiation  of  combustion.  Each 
flow  condition  was  established  before  the  cylinder  was 
inserted  into  the  hot  gas. 

Test  Specimen 

The  test  cylinder  (304  stainless  steel  tubing  - 1.25 
inches  0D)  is  shown  in  Figure  5. 

A sample  of  laminated  turbine  airfoil  was  measured  with 
a microscope  to  determine  the  surface  roughness.  The 
measurement  revealed  that  a rectangular  thread  0.010  inohes 
deep  and  0.015  inches  wide  would  approximate  the  airfoil 


surface  (Figure  6).  The  final  wall  thickness  from  the 
bottom  of  the  thread  to  the  inner  wall  was  0.080  inches. 

The  tolerance  in  thread  measurements  was  within  0.001  inches. 

An  end  cap  and  a fixture  for  mating  the  cylinder  to  the 
pneumatic  actuator  were  also  machined  from  304  stainless 
steel  (Figures  7 & 8).  The  cylinder  was  pressed  into  the 
base  after  being  instrumented.  Cooling  air  was  provided  by  a 
tube  (1/4  inch  ID;  3/8  inch  0D)  extending  up  through  the 
fixture  base  and  impinging  air  on  the  inside  of  the  end  cap. 
Holes  in  the  fixture  base  allowed  for  cooling  air  escape  as 
well  as  routes  for  instrumentation  leads  (Figure  9). 

Stainless  steel  (304)  was  used  because  of  its  avail- 
ability. Property  tables  show  the  upper  service  temperature 
to  be  2160  °R.  Thermal  conductivity  ranges  from 
9.4  BTU/ft-hr-°R  at  6?2  °R  to  12.4  BTU/ft-hr-°R  at  1392  °R. 
Specific  heat  is  approximately  0.12  BTU/°R-lb. 

Following  the  testing  of  the  threaded  cylinder , the 
fixture  was  removed  from  its  mounting  on  the  pneumatic 
actuator  and  the  outer  surface  of  the  cylinder  was  machined 
smooth.  Only  the  threads  were  removed  and  the  wall  thick- 
ness remained  at  .080  inches. 

Figure  10  shows  an  end  view  closeup  of  the  assembled, 
threaded  cylinder.  Figure  11  shows  the  assembled  and  instru- 
mented cylinder  installed  on  the  pneumatic  actuator.  Figure 
12  shows  the  actuator  installed  in  the  underside  of  the 
hydrogen  combustor  exhaust  duct. 
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Instrumentation 


The  inner  wall  of  the  cylinder  at  the  stagnation  line 
was  instrumented  with  thermocouples  and  heat  flux  sensors  as 
shown  in  Figure  13.  The  three  Micro-foil  heat  flux  sensors* 
serial  numbers  429,  431  and  432,  were  obtained  from  RdP 
Corporation,  Hudson,  New  Hampshire.  Table  1 shows  the 
nominal  specifications  for  a sensor,  part  number  20450-1, 

The  sensors  require  no  special  wiring,  reference  junc- 
tion or  signal  conditioning.  The  microvolt  output  is 
directly  translatable  to  a heat  flux  of  BTU/hr-ft  • The 
three  sensors  were  calibrated  at  the  factory  to  have  an  out- 
put of  0.020  x 10"^  volts  per  BTU/hr-ft2  at  70  °F.  A cali- 
bration table  was  provided  by  the  RdF  Corporation  for  opera- 
tion at  temperatures  other  than  ?0  °F.  The  output  voltage 
signal  was  converted  to  BTU/hr-ft2  and  was  then  multiplied 
by  the  appropriate  factor  from  the  calibration  table  to 
obtain  the  true  heat  flux.  The  specific  equations  used  are 
shown  in  Section  IV.  Only  the  output  from  the  center  sensor 
was  used  in  the  calculation  of  heat  flux.  The  data  from  the 
top  and  bottom  sensors  were  compared  to  the  center  sensor 
output  for  a determination  of  accuracy. 

The  heat  flux  sensors  operate  by  forming  a multi- 
junction thermocouple  across  a material  of  known  thiokness 
which  becomes  the  thermal  barrier.  Figure  14  shows  the 
typical  construction  of  a heat  flux  sensor  (Ref  8).  As 
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shown,  multiple  thermocouple  junctions  are  used  which  give 
a stronger  signal  and  greater  sensitivity  than  a single 
junction. 

The  sensors  in  this  investigation  were  mounted  to  the 
inside  wall  of  the  cylinder.  Cooling  air  blowing  along  the 
inside  wall  of  the  cylinder  provided  a convective  heat  sink 
for  energy  transported  through  the  wall  from  the  hot  gas 
stream  outside.  The  thermal  gradient  between  the  inner  and 
outer  surfaces  of  the  sensor  drove  the  thermoelectric  junc- 
tion and  resulted  in  an  output  voltage  signal. 

The  sensors  were  mounted  with  a high  temperature  cement, 
type  EPY-500,  produced  by  the  BLH  Electronics  Company, 

Waltham,  Massachusetts.  Mounting  required  normal  surface 
preparation  and  curing  for  one-half  hour  at  400  °P. 

Type  ”k"  thermocouples,  Nickel-Chromium  and  Nickel- 
Aluminum,  were  mounted  around  the  center  heat  flux  sensor  by 
welding  the  wires  directly  to  the  inside  wall  of  the  cylinder. 
Wall  temperature  was  determined  by  averaging  the  temperatures 
of  the  two  thermocouples  located  on  the  stagnation  line. 

Leads  from  thermocouples  and  sensors  were  tack-welded  or 
potted  to  the  wall  with  a Silicon  compound  (RTV) . In 
addition  to  wall  temperatures,  cooling  air  temperatures  were 
monitored  by  thermocouples  mounted  near  the  tip  of  the  cool- 
ing tube  and  near  the  exit  holes. 

Gas  stream  temperatures  were  measured  with  a double- 


shielded,  water-cooled,  type  "R"  thermocouple  probe  made  of 
Platinum  and  Platinum-13^  Rhodium.  The  probe  was  mounted  on 
a traversing  mechanism  which  enabled  temperature  readings  to 
be  taken  directly  in  the  center  of  the  flow  path.  The  probe 
traversed  horizontally  and  was  located  at  the  entrance  to  the 
test  section  nozzle. 

An  IBM  1800  computer  system  was  connected  to  the  test 
facility.  This  permitted  the  monitoring  of  the  flow  and  the 
cylinder  in  real  time.  Data  was  stored  on  magnetic  tape  and 
referenced  by  a data  set  number  which  was  generated  by  each 
automatic  data  acquisition  in  2.4  second  intervals.  A 
utility  computer  program  was  written  to  retrieve  the  data  and 
calculate  the  required  parameters  (i.e.,  Reynolds  number  and 
Nusselt  number).  The  calculations  are  shown  in  Section  IV. 
The  utility  program  was  also  used  to  eliminate  data  sets 
taken  when  the  cylinder  was  out  of  the  gas  stream  or  under- 
going transient  conditions.  The  program  was  used  to  scruti- 
nize more  than  two  thousand  data  sets. 

The  extremely  low  output  of  the  heat  flux  sensors, 

2.0  x 10~$  volts  per  1000  BTU/hr-ft2,  required  the  use  of 
signal  amplifiers.  Each  sensor  was  connected  by  shielded 
cable  to  a Preston  8300-XWB  wide-band  floating  differential 
amplifier.  These  amplifiers  are  ideally  suited  to  instru- 
mentation requiring  high  accuracy,  low  noise,  and  high  input 
impedance.  Also,  the  accuracy  (t0.0l£  of  full  scale  output) 
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and  low  noise  (less  than  3 microvolts  RMS)  are  not  affected 
by  the  length  of  the  input  cable  (Ref  9) • This  permitted  the 
amplifiers  to  be  mounted  in  the  control  room,  away  from  a 
potentially  explosive  environment, 

Honeywell  Electronix  17,  4-channel  strip  chart  recorders 
were  connected  to  the  output  leads  of  the  top  and  middle  heat 
flux  sensors  and  two  thermocouples  on  the  cylinder  wall. 

The  records  of  temperature  and  heat  flux  were  used  to  deter- 
mine when  steady  conditions  were  attained  and  to  prevent  the 
sensors  from  exceeding  their  maximum  rated  temperature.  The 
strip  chart  recorders  were  believed  to  be  inaccurate  as 
compared  to  the  computer  tape  records  and  were  not  used  in 
the  data  analysis.  Figure  15  shows  a schematic  of  the 
instrumentation  routing  and  the  data  acquisition  system. 
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III.  EXPERIMENTAL  PROCEDURE 


Each  time  experiments  were  conducted  in  the  Hydrogen 
Heat  Transfer  Facility,  an  elaborate  check  list  was  used. 

The  list  required  that  safety  precautions  were  followed! 
the  instrumentation  was  checked;  the  computer  was  connected; 
and  the  air  flow  was  started.  Then,  technicians  authorized 
to  operate  the  facility  ignited  the  hydrogen  burner  and 
adjusted  the  controls  to  achieve  the  desired  flow  conditions. 

After  steady  conditions  were  attained  the  cylinder  was 
inserted  into  the  flow.  Strip  chart  recorders  and  digital 
indicators  were  monitored  to  avoid  exceeding  the  temperature 
or  heat  flux  limits  and  to  determine  when  steady  state  con- 
ditions were  reached.  Cylinder  wall  temperatures  were  not 
allowed  to  exceed  450  °F.  The  computer  recorded  all  para- 
meters in  2.4  second  intervals.  The  temperature  of  the 
cylinder  wall  was  stabilized  within  seconds.  The  cylinder 
was  kept  in  the  flow  for  a period  of  one  to  two  minutes  to 
obtain  a sufficient  number  of  data  points  for  each  flow 
condition.  The  cylinder  was  then  withdrawn  from  the  flow 
and  a new  flow  condition  was  established. 

Data  were  recorded  at  Reynolds  numbers  (based  on  cylin- 
der diameter)  of  38,000  to  120,000.  The  number  of  flow 


conditions  achieved  was  limited  by  available  test  time 
because  the  test  facility  must  share  supply  air  with  other 
test  cells  at  AFAPL. 

Cooling  air  during  the  test  was  maintained  between 
0.12  and  0.16  lbm/sec.  Flow  rates  lower  than  0.12  lbm/sec 
caused  the  cylinder  wall  temperature  to  rise  above  its  limit. 
Flow  rates  greater  than  0.16  lbm/sec  caused  the  heat  flux  to 
exceed  the  scale  of  the  recording  equipment.  Although  the 
flow  rate  and  the  inlet  and  outlet  temperatures  were 
recorded,  this  information  was  not  used  because  the  data 
analysis  did  not  require  it. 

After  the  threaded  cylinder  had  been  tested  in  a series 
of  flow  conditions,  it  was  disconnected  and  removed  from  the 
combustor  rig.  The  cylinder  was  then  machined  to  remove 
only  the  threads  while  maintaining  a wall  thickness  of 
0.08C  inches.  The  instrumentation  was  undisturbed  during 
the  machining  and  remained  in  the  exact  location  of  the 
previous  tests.  Following  the  machining,  the  cylinder  was 
re-installed  in  the  combustor  rig. 

Following  the  test  procedure  that  was  used  for  the 
threaded  cylinder,  the  smooth  cylinder  was  tested  and  data 
recorded  on  magnetic  tape.  The  flow  parameters  achieved 
during  the  previous  tests  were  repeated. 
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IV.  RESULTS  AND  DISCUSSION 


More  than  two  thousand  data  sets  were  obtained  during 
this  investigation.  Each  data  set  included  flow  measure- 
ments (i.e.,  gas  temperature,  pressure,  and  mass  flow  rate) 
as  well  as  test  cylinder  data  (i.e.,  heat  flux,  wall  temper- 
atures, and  coolant  flow  temperatures).  The  Reynolds 
number  was  calculated  from  the  mass  flow  rate  and  tempera- 
ture dependent  dynamic  viscosity,  and  was  based  on  the 
cylinder  diameter.  Reynolds  number  is  given  by 


U_  D 


Rer 


m 


where 


or 


<°ve  ” 7^ 

m D 


Re. 


A At 


where 


— ■ 0.8816  ft”1  ■ constant 
At 


The  interpolation  of  dynamic  viscosity  (Table  2)  was 
based  on  bulk  flow  temperature  which  varied  no  more  than 
200  op  from  the  wall  temperature  (8%  error  in  /4  ) . 

Nusselt  number  is  determined  by  first  evaluating  the 
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heat  flux,  q,  and  then,  the  convective  coefficient,  h , of 
the  outside  wall.  The  heat  flux  is  given  by 

q * 500 (HP) (HFCF) 

where  the  input  from  the  heat  flux  sensor,  HP,  is  in  milli- 
volts and  HPCF  is  the  sensor  correction  factor  for  use  with 
varying  surface  temperature.  Table  3 gives  the  correction 
factors,  supplied  by  the  manufacturer,  which  were  computer 
interpolated  and  multiplied  by  the  indicated  heat  flux  to 
obtain  the  true  heat  flux  measurement. 

Assuming  a one-dimensional  heat  flux,  simultaneous 
equations  can  be  solved  for  the  convective  coefficient  as 
follows  1 
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The  conductivity,  1^,  for  304  stainless  steel  varies 
with  temperature  as  shown  in  Table  4. 


Knowing  h,  the  Nusselt  number  is  given  by  Nu 


h D 
kg 
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where  kg  is  also  dependent  upon  gas  temperature  as  shown  in 
Table  5- 

Using  the  equations  shown  above,  the  data  reduction 
program  calculated  Reynolds  number,  convective  coefficient, 
and  Nusselt  number  for  each  steady  state  condition  achieved. 
The  data  listed  in  Tables  6,  7 and  8 were  taken  from  the 
steady  state  data  sets.  Table  6 lists  the  mean  values  and 
standard  deviations  of  the  calculated  parameters  at  each 
flow  condition  for  both  smooth  and  threaded  cylinders. 

These  data  have  also  been  plotted  on  Figures  16  and  17 . 
Figures  17  and  18  display  the  results  from  this  study, 
laminar  flow  theory,  the  empirical  relation  presented  by 
Dils  and  Follansbee  (Ref  5) , and  data  presented  by  Smith 
and  Kuethe  (Ref  3)  for  a turbulence  intensity  of  5#. 

The  plot  of  Nusselt  number  versus  Reynolds  number 
(Figure  17)  shews  large  scatter  for  both  the  smooth 
cylinder  and  the  threaded  cylinder.  The  mean  value  of 
Nusselt  number  of  the  smooth  cylinder  climbed  rapidly  from 
Nu  * 375  at  Rep  ■ 34,750  to  Nu  = 620  at  Re^  * 60,370. 

Between  Re^  **  60,370  and  Rejj  * 80,400,  the  heat  transfer 
was  nearly  constant,  but  then  dropped  to  Nu  - 452  at 
ReD  ■ 92,500.  Beyond  Rejj  *»  92,500,  the  Nusselt  number 
increased,  reaching  Nu  505  at  ReD  = 104,300.  No  data 
were  taken  beyond  Rejj  ■ 104,300  for  the  smooth  cylinder. 

The  threaded  cylinder  exhibited  a different  relation- 
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Pig  16.  Stagnation  line  convective  heat  transfer 

coefficients  (h)  for  cylinders  in  crossflow 
- mean  value  and  standard  deviation 


Fig  18.  Heat  transfer  to  the  stagnation 
line  of  cylinders  in  crossflow 
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ship  of  Reynolds  number  and  Nusselt  number.  A rapid 
increase  from  Nu  = 253  to  Nu  ■ 323  took  place  between 
Rep  a 39*990  and  ReD  » 43.150.  The  Nusselt  number  remained 
nearly  constant  up  to  Rep  ■ 82,520.  but  jumped  to  Nu  ■ 570 
at  Rep  ■ 88,860  and  continued  to  increase  to  Nu  » 790  at 
Rep  ■ 117,430.  The  abrupt  change  in  the  heat  transfer  to 
the  cylinder  took  place  at  approximately  the  same  Reynolds 
number  where  the  Nusselt  number  of  the  smooth  cylinder 
suddenly  decreased.  Also,  the  data  scatter  was  generally 
less  for  the  threaded  cylinder  as  compared  to  the  smooth 
cylinder . 

The  plots  of  heat  transfer  parameters  versus  Reynolds 
number  show  unexpected  shapes.  No  complete  explanation  can 
be  offered  for  the  high  heat  transfer  to  the  smooth  cylinder 
between  Rep  ■ 40,000  and  Rep  ■ 88,000.  However,  several 
possible  factors  may  be  responsible.  Since  the  turbulence 
of  the  combustor  has  never  been  measured  and  turbulence 
inducing  screens  were  not  used  during  this  investigation, 
the  flow  characterization  is  limited  to  the  bulk  flow. 

It  is  possible  that  the  combustor  may  have  produced  an 
unsteady  flow  of  varying  temperature  and  turbulence  while 
operating  at  temperatures  below  the  minimum  design  tempera- 
ture. The  assumption  of  a uniform  temperature  profile  was 
based  upon  previous  measurements  at  higher  temperatures 
(Ref  7).  However,  if  the  assumption  that  the  same  flow 
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conditions  existed  for  both  smooth  and  threaded  cylinder 
tests  is  valid,  then  the  threaded  cylinder  did  not  respond 
in  the  same  manner  as  the  smooth  cylinder. 

The  rapid  change  in  heat  transfer  between  ReD  ■ 80,000 
and  ReD  * 90,000  may  be  due  to  the  cylinder's  boundary 
layer  transitioning  from  laminar  to  turbulent  flow.  This 
transition  has  been  documented  for  varying  surface 
roughness  (Ref  2t622)  and  takes  place  near  Rsq  ■ 10,000 
for  a cylinder  in  crossflow.  Due  to  its  increased  kinetic 
energy,  the  turbulent  boundary  layer  tends  to  remain 
attached  to  the  cylinder  wall  longer  and  moves  the 
separation  point  farther  downstream.  This  would  have  a 
definite  effect  on  the  overall  heat  transfer  to  the  cylinder 
by  allowing  hot  turbulent  gas  to  contact  more  of  the 
cylinder  wall.  Heat  transfer  near  the  stagnation  line  may 
also  be  affected  by  this  transition.  This  might  explain 
the  abrupt  change  of  both  the  smooth  and  threaded  cylinders 
at  the  same  flow  condition.  Apparently,  the  threaded 
surface  does  not  delay  or  enhance  the  transition. 

Plow  turning  could  possibly  have  had  some  effect.  As 
shown  previously  (Figure  4) , the  nozzle  was  built  to  accept 
the  flow  from  turbine  vane  airfoils.  The  free  stream  flow 
was  assumed  to  be  straight  until  it  reached  the  cylinder. 
Some  unexpected  flow  characteristic  due  to  the  downstream 
turning  may  have  moved  the  stagnation  line. 
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A large,  general  purpose  computer  program  was  used  to 
model  the  threaded  cylinder  as  a finned  surface.  The  finite 
difference  numerical  analysis  was  necessary  because  the 
general  equations  derived  in  heat  transfer  texts  are  based 
upon  assumptions  of  long,  thin  fins  with  a one-dimensional 
heat  flow.  Short  fins  have  two-dimensional  heat  transfer. 

The  assumptions  of 

Tg  * 910  °R 

Tw,i  - 735  °R 

h =»  100  BTU/hr-ft2-°R 

kw  « 10  BTU/hr-ft-°R 

were  used  for  mathematical  models  of  the  smooth  and  threaded 
surfaces.  The  analysis  gave  temperature  profiles  in  two 
dimensions  through  the  wall.  The  summation  of  the  heat 
flows  across  an  internal  plane  parallel  to  the  surface 
determined  the  total  heat  flux  entering  the  outer  surface  of 
the  cylinder.  This  eliminated  the  need  to  consider  two- 
dimensional  effects  at  the  threaded  surface.  The  analysis 
predicted  that  the  threaded  surface  would  have  a heat  flux 
1*55  times  that  of  the  smooth  surface.  The  outer  surface 
area  of  the  threaded  cylinder  was  1(>7%  of  the  area  of  the 
smooth  cylinder. 

r 

The  data  in  Table  6 and  Figure  16  show  that  the  heat 
transfer  to  the  threaded  cylinder  increases  approximately 
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25*  over  that  of  the  smooth  cylinder  at  ReD  ■ 93,000.  The 
data  reflect  only  a portion  of  the  predicted  increase  of 
55*.  Actual  roughness  effects  may  be  completely  hidden  by 
the  overall  increase  of  heat  transfer  due  to  the  finned 
surface.  The  data  below  Re^  * 93*000  do  not  agree  with  the 
prediction  of  the  numerical  analysis.  In  that  flow  regime, 
some  facility-related  effects  may  be  dominate. 

Measurement  error  was  considered  as  a source  of  scatter. 
By  noting  the  variation  in  recorded  data,  some  estimate  of 
each  contribution  to  error  can  be  determined.  The  calcu- 
lated heat  flux  standard  deviation  was  approximately  2*  of 
the  mean  value  for  a given  flow  condition.  This  is  compa- 
rable to  a predicted  accuracy  of  - 2*  for  a type  "K"  thermo- 
couple at  a temperature  between  300  °P  and  500  °P. 

The  standard  deviation  of  gas  temperature  as  measured 
by  the  type  "R"  thermocouple  was  at  or  below  1.5*  of  the 
mean.  The  calculated  gas  stream  pressure  standard  devia- 
tion was  less  than  0.25*  of  the  mean.  As  mentioned  previ- 
ously, the  amplifier  error  was  * 0.01*. 

A sample  data  point  was  used  to  investigate  the  effect 
of  combined  errors  for  the  worst  case  of  individual  errors. 
The  following  values  for  flow  at  ReD  ■ 114,000  were  used  in 
the  equation  for  convective  coefficient  at  the  outer  walli 

Tg  - 920  °R 


T 


*w.l  - 766  °R 
q * 15,900  RTU/hr-ft2 
X ■ O.OO667  ft 
kw  - 10  BTU/hr-ft-°R 


then  h 


q 


111  BTU/hr-ft2 


Convective  heat  transfer  coefficient  was  relatively 
insensitive  to  changes  in  wall  conductivity.  An  error  of 
20 % caused  less  than  a 1%  change  in  h.  However,  increasing 
gas  temperature  by  2 % and  decreasing  wall  temperature  and 
heat  flux  by  2 % resulted  in  h ■ 88  BTU/hr-ft2  (21JC  decrease). 
Decreasing  gas  temperature  by  2 % and  increasing  wall  temper- 
ature and  heat  flux  by  2 % resulted  in  h ■ 127  BTU/hr-ft2 
(14£  increase).  Both  extremes  are  outside  the  data  soatter 
presented  on  Figure  16.  Clearly,  the  accumulation  of  small 
errors  can  be  responsible  for  much  of  the  data  scatter. 
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V.  CONCLUSIONS  AND  RECOMMENDATIONS 


Conclusions 

The  results  of  this  investigation  lead  to  the  following 
conclusionsi 

1.  The  Nusselt  number  - Reynolds  number  relationship 
of  a threaded  cylinder,  measured  on  the  stagnation  line  of 
the  cylinder  in  crossflow  (Red  = 38,000  to  118,000),  differs 
significantly  from  the  response  of  a similar  cylinder  with 

a smooth  surface.  For  Reynolds  numbers  less  than  83,000, 
the  smooth  cylinder  has  a surface  heat  flux  approximately 
80*  higher  than  that  of  the  threaded  cylinder.  For  Reynolds 
numbers  above  88,000,  the  threaded  cylinder  has  a heat  flux 
25*  to  35*  greater  than  the  smooth  cylinder. 

2.  Both  the  smooth  and  the  threaded  cylinders  show  a 
transition  in  heat  flux  between  Rcq  ■ 80,000  and 

ReD  « 90,000.  This  may  correspond  to  the  development  of  a 
turbulent  boundary  layer. 

3*  Assumptions  about  the  flow  conditions  are  very 
influential  in  the  interpretation  of  the  results.  Using 
the  test  facility  at  temperatures  below  its  designed  oper- 
ating temperature  and  at  low  mass  flow  rates  may  have 
resulted  in  unexpected  temperature  gradients  in  the  flow 
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cross  section.  This  may  be  responsible  for  the  high  heat 
flux  to  the  smooth  cylinder  at  Reynolds  numbers  less  than 
82,000. 

4,  Further  investigation  is  needed  to  determine  how 
the  response  of  the  cylinders  may  apply  to  the  laminated 
airfoil.  However,  the  present  data  show  that  the  Reynolds 
number  determines  whether  the  heat  flux  is  greater  for  the 
smooth  surfaced  airfoil  or  for  the  unfinished  laminated  air-  j 

foil.  i 


Recommendations 


The  following  are  recommendations  based  upon  this 
investigation: 

1.  Additional  studies  should  be  done  to  verify  and 
better  understand  the  unexpected  Nusselt  number  - Reynolds 
number  relationships  for  threaded  and  smooth  cylinders  in 
crossflow.  This  should  include  testing  in  a more  predicta- 
ble, simplified  flow. 

2.  The  turbulence  intensity  and  temperature  profiles 
should  be  characterized  in  the  APAPL  test  facility.  The 
information  would  be  useful  in  the  interpretation  of  the 
results  of  this  investigation.  These  studies  could  be 
accomplished  jointly  by  an  O.S.U.  graduate  student  and 
afapl/tbc . 

3*  A full  scale,  laminated  turbine  vane  should  be 
tested  in  the  APAPL  Hydrogen  Heat  Transfer  Pacility  at  the 
normal  operating  temperature.  Smooth  and  threaded  surface 
temperatures  should  be  compared  by  the  use  of  infrared 
photography. 
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TABLE  1 RDF  Micro-foil  heat  flow  sensor 
nominal  specifications 


Sensor  size 

.010  x .010  inch 

Nominal  Sensitivity 

0.07  MV/BTU-ft2-sec 

Maximum  Recommended 

Heat  Flux 

50  BTU/ft2-sec 

Response  Time 

0.02  seconds 

Sensor  Resistance 

5 Ohm  Maximum 

Maximum  Operating 
Temperature 

500°F 

Nominal  Thickness 

,003  inches 

Thermal  Capacitance 

0.01  BTU/ft2-°F 

Thermal  Impedance 

0.003  °F/BTU-ft2  hr 

TABLE  2 Temperature  dependence  of  dynamic 
viscosity  of  air 


T ( °R) 

760 

860 

960 

1060 

lbm 

l .6l*10"5 

l.75*io"5 

l ,89*lo“5 

2.0*10“5 

Wmixna 

TABUS  3 Heat  flux  sensor  correction  factors 


T (°R) 

535 

610 

660 

710 

760 

810 

860 

910 

960 

HFCF 

■PI 

.90 

.84 

.80 

.76 

.73 

.70 

.67 

.65 
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TABLE  4 Temperature  dependence  of  conductivity 
of  304  stainless  steel 


T (°R) 

6?2 

1392 

kw  ( BTU/hr-f t-°R) 

9.4 

12.4 

TABLE  5 Temperature  dependence  of  conductivity 
of  air 


T ( °R) 

760 

860 

960 

1060 

1160 

1260 

kyy  (BTU/hr-ft-°R) 
x 100 

1.93 

2.12 

2.31 

2.50 

2.68 

2.86 
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Table  6 Stagnation  line  heat  transfer  for  cylinders  in 
crossflow  - mean  values  and  standard  deviations 
from  test  data 


# POINTS 

Rbd 

sRe 

Nu 

SNu 

h 

mm 

SMOOTH  SURF A 

CE 

30 

34754 

470 

375 

30 

76 

6 

30 

49282 

636 

549 

48 

117 

10 

30 

60370 

747 

620 

58 

134 

11 

38 

65356 

756 

638 

88 

138 

17 

35 

80443 

958 

621 

83 

135 

17 

34 

92539 

1148 

452 

49 

99 

10 

4o 

104320 

1409 

505 

46 

109 

9 

THREADED  SURFACE 

25 

39992 

783 

253 

21 

56 

4 

20 

42247 

631 

310 

12 

64 

4 

35 

431 52 

682 

323 

21 

65 

4 

30 

64981 

1151 

332 

28 

74 

5 

16 

82515 

715 

336 

21 

80 

4 

25 

88856 

1088 

570 

64 

124 

13 

23 

117428 

1108 

790 

88 

162 

16 

Table  7 Typical  values  of  stagnation  line  heat  transfer 
coefficients  for  threaded  cylinders  in  crossflow 


Mach  # 

Rep 

hwall 

BTU/hr-ft2-*°R 

Nu 

Tg 

°R 

.10 

43600 

70 

347 

825 

.10 

43400 

67 

335 

835 

.10 

43300 

67 

329 

835 

.10 

41600 

63 

304 

865 

.10 

42400 

65 

312 

860 

.10 

41600 

61 

292 

875 

.10 

38800 

54 

2 39 

953 

.10 

40200 

56 

254 

936 

.16 

65700 

78 

357 

928 

.17 

64800 

71 

313 

959 

.18 

64200 

69 

301 

978 

.17 

65300 

71 

317 

949 

.23 

63000 

81 

342 

10?.? 

.22 

88500 

112 

507 

940 

.21 

89400 

136 

629 

913 

.21 

90800 

154 

715 

908 

.22 

87700 

114 

510 

945 

.24 

118,500 

188 

926 

839 

.25 

115,800 

134 

669 

868 

vr\ 

CM 

• 

116,400 

152 

737 

859 

.25  116,600  142  690  856 


Table  8 Typical  values  of  stagnation  line  heat  transfer 
coefficients  for  smooth  cylinders  in  crossflow 


Mach  # 

Reo 

hwall 

BTU/hr-ft2-°F 

Nu 

Tg 

OR 

.24 

102500 

109 

500 

924 

.25 

101900 

97 

437 

938 

.24 

105100 

118 

548 

906 

.24 

106200 

114 

536 

897 

.23 

92800 

102 

461 

932 

.23 

91400 

95 

431 

937 

.23 

91000 

85 

378 

949 

.20 

80100 

130 

589 

936 

.20 

80100 

146 

673 

915 

.17 

64800 

119 

539 

931 

.17 

65900 

14? 

679 

910 

.17 

64500 

107 

483 

941 

.17 

66400 

144 

669 

906 

.16 

61500 

152 

712 

898 

.16 

59900 

120 

550 

924 

.15 

59500 

144 

671 

903 

.13 

50000 

116 

544 

900 

.13 

49000 

124 

586 

885 

.13 

50000 

118 

552 

900 

.13 

49000 

126 

590 

894 

.09 

35100 

81 

403 

829 
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